RELATION BETWEEN TOP AND ROOT SIZE IN
HERBACEOUS PLANTS*

JoHN W. CrIST AND G. J. STOUT

In his Treatise on the Physiology of Plants SorRAUER affirms that the
plant must not be looked upon as an unchangeable organism, restricted to
a definite form, but as being plastic, capable of further modifiecation in any
of its parts; its usual shape being susceptible to alteration, within certain
limits, as if it were made of wax. This principle has been substantiated by
the practical gardener, who, besides seeking to grow herbaceous plants in
situations to which they are the best adapted by nature, often endeavors to
cultivate them successfully in special localities, and, in all localities, seeks
to render them more useful to his purposes.

Perhaps chief among the attempts of the gardener at altering normal
physiological functions and interfering with the ordinary course of devel-
opment is that of remodelling certain plants with respect to the relative
size of top and root. His success in this effort has been remarkable; so
much so that there might seem to be an attainable ‘‘ideal balance’’ between
size of top and root for every particular desire or necessity. However, the
limits mentioned by SORAUER must exist, making it impossible to proceed
beyond a certain point with a given species, and also rendering it likely that
even within the limits set by nature, increasing or decreasing the normal
development of either top or root in order to favor the other part may result
in danger to the plant as a whole except this be attempted by persons who
thoroughly understand the plant and its eonditions of life and vigor. Obvi-
ously, the aerial and subterranean portions of a higher land plant are mutu-
ally dependent, since the roots furnish the raw nutrients and water obtained
from the soil and often serve as places of storage, while the tops supply the
elaborated organic compounds essential for growth. It is of practical sig-
nificance and also of considerable scientific interest to determine the nature
of this relationship, or, more specifically, to determine how much variation
in this state of reciprocity occurs naturally, and how much may be induced
experimentally.

Literature

Interest in the proportionate size of the top and root of the plant is of
long standing. The following quotation is from the ancient writings of
VaRrro (7): “In autumn and winter the roots develop more than does the
leaf of the plant because they are nourished by the warmth of the roof of

* Published as paper no. 6 (n.s.) from Agricultural Experiment Station of Michigan
State College.
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earth, while the leaf above is eut down by the frosty air. We can learn
this by observation of the wild vegetation which grows without the inter-
vention of man, for the roots grow more rapidly than that which springs
from them, but only so far as they are actuated by the rays of the sun.
There are two causes of the growth of roots, the vitality of the root itself
by which nature drives it forward and the quality of the soil which yields
a passage more easily in some conditions than in others.”’

These early observations have been followed in more recent times by
numerous experimental studies on the relation of top and root size, use
having been made of many different species and varieties of herbaceous
plants. A chronological review of the literature shows by way of generali-
zation that there has been an increasing tendency to seek the causes under-
lying variations in relative growth of top and root, and also to subject the
data obtained to more complete mathematical analysis and interpretation.
These trends at their highest present points are exemplified in reports such
as those made by WeAvER (9), WeAvVER and his associates (8), TurNER (6)
and PEArsaLi (8, 4), the latter having concluded that the relative sizes
of plant organs conform to the equation X = CY¥, where X and Y are the
sizes of the organs, C is a constant expressing their relative sizes, and
indicates the ratio of their relative logarithmic growth rates and the spatial
arrangements of their meristems. Obviously, this formula sets forth the
relationship that the logarithm of stem weight is directly proportional to
the logarithm of root weight. When the two time-series of logarithms are
plotted against each other the result is a straight line.

In general, the available experimental evidence leads to the conclusion
that herbaceous plants exhibit specific and varietal differences with respect
to relative development of top and root under uniform environal conditions.
However, few if any of the many types are non-plastie, that is, do mnot
react to environmental changes by way of showing variations in the relative
sizes of aerial and underground parts. The more intensive studies, par-
ticularly those made on growth rates, indicate that though variation occurs
there is a persistent tendency towards positive correlation. The present
writers have not examined growth rates but have obtained final weights on
the tops and roots of lettuce, radish and tomato plants from a number of
different experiments and have treated the data as shown later.

Methods of procedure

EXPERIMENTAL

In some of the experiments to be reported the plants were grown in
greenhouse flats; in others in flower pots of different sizes. Whether grown
in flats or pots the containers were set on boards to prevent the exit of the
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roots. Where pots were used, these were set on the bottom of the green-
house bench and buried to their rims in moist sand. Any objection to the
confinement of the roots in such containers can be met by the statement that
this was simply one of the eonditions under which top-root relations were
measured. If the ultimate sizes of top and root are definitely and inevitably
correlated, then the type of container might alter the degree of correlation
but not destroy it nmor change its character qualitatively. Furthermore,
the use of flats and pots made it possible to recover the root systems readily
and 4n toto. All the experiments were conducted in the greenhouse and
every precaution taken to maintain uniform conditions of environment
while any one of them was under way.

‘When the plants were grown in pots, the roots were obtained by freeing
the whole mass from the pot, immersing it in a large volume of water, and
gently kneading it with the hands until practically all of the soil was washed
out. Following this, the root system was washed twice more in fresh water
and then placed between layers of newspapers to dry off for a given length
of time before the weight was taken.

When flats were used as containers, six plants were grown in each flat.
The process for securing the separate root systems was that of dividing the
mass of soil into six equal blocks ; removing each one of the blocks by placing
a square of galvanized iron under it, and immersing the block in water.
From this point onward the method was the same as described previously
for the plants grown in pots.

MATHEMATICAL

The top-root ratios were calculated in three ways: (1) as the quotient
of mean (arithmetic) top to mean (arithmetic) root; (2) as the arithmetie
mean of the individual top-root ratios, and (3) as the geometric mean of
the individual ratios. The results from the use of these three methods of
calculation on the same data differ sufficiently to necessitate making a
choice among them. The properties of the geometric mean, when dealing
with ratios, are such as to commend its use in preference to the others.
On this mean and its probable error see Yure (10), Kenrey (2), and
CrisT (1).

‘When the number of individuals in any lot of plants was less than 25,
PrArson’s (D) factors for the correction of the standard deviation were
used and the corrected standard deviation substituted in all other calcula-
tions where the employment of the standard deviation was required.

P
6, 0y

coefficients of correlation. The probable error of r was obtained with the

formula: P.E., = ~oie. 0.6745
ormula: I. .r—\/F' . .

The product-moment formula (r=

) was used in calculating the
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No difference less than three times its probable error was considered
significant, the probable error of the difference having been determined
through the formula: P.E.q=0.6745/0,% + 0,2

Interpretation of the significance of the coefficient of correlation was
made according to the following rules: (a) If r is 0.5 (plus or minus) or
greater, correlation is practically certain. (b) In order to be reliable
r must be at least four times its probable error. (¢) If, under various
conditions of experimentation, r persists in having the same sign, though
not always significant in itself, there is some evidence of a general though
weak relationship of the character of this sign between the two variables.

EXPERIMENTS WITH LETTUCE (GRAND RAPIDS FORCING VARIETY)

USE OF RAW SULPHUR AND SUPERPHOSPHATE (C.P. AND COMMERCIAL. )—The
seed was sown broadcast in greenhouse flats, the seedlings selected at the
proper time, and transplanted to other flats (6 per flat) in which they were
grown for a period of 51 days. The soil was a fertile fine sandy loam.
The data appear in table I.

In each case shown in table I the ratio of the average top to average
root R, is less than R (the arithmetic mean of the ratios for the plants
individually), while Mg lies between these two. The probable error for
any Mg is higher than for the corresponding R. This is.the relationship
between the three forms of average which holds as a general rule. Aeccord-
ingly, only the geometric mean will be given and used hereafter in making
comparisons.

The number of plants per lot was small, by design. This necessitated
large differences, if they were to be significant. Under these conditions,
superphosphate when applied either alone or along with raw sulphur, except
in lot 4 where 800 pounds of the sulphur per acre were used, significantly
increased the top-root ratio as compared with lots 1 and 2 where sulphur
only was applied.

The ratios do not vary directly with the total weights of average plants.
The smallest plants have the highest ratio, the largest plants have the second
largest ratio, while the plants intermediate in size have the lowest ratios.

‘With so few plants none of the coefficients of correlation, including that
for all the plants taken together, is significant. However, it is noteworthy
that all of them are positive in character, one (lot 5) being above 0.5, and
also that they do not vary consistently in magnitude with either the top-
root ratios or with the average total weights of the plants.

INFLUENCE OF CALCIUM NITRATE, POTASSIUM CHLORIDE AND SUPERPHOS-
PHATE.—The plants were grown in a very poor medium sandy loam soil in
six inch pots. The nutrient treatments were applied in solution form at
the beginning of the experiment. Further details and other data for this



67

Tech. Bull. 74.

on

t Stat

1men

.

Fo usaur oLpewrodd  SW,, {sjueld [enprArpur JO O1)BI 0SBIOAR 3001 88eioaw 03 doj o3eioa® Jo o1geI ST , ™,, SO[qB} [[B UI e
PIATPUT JO OI <l

‘UOI}B[91100 JO JUATOPA0D ((I,, ¢SO1J¥I [BNpIAIpUL

CRIST AND STOUT—HERBACEOUS PLANTS

Michigan Exper

m

.

t may be found
See table IT for the results.

experimen
1926.

00T°0 = 610 9¢ v
1S3°0 =+ 963'0 | SS3'T & 30°3T | 0LT'T ¥ €S°3T 0S'IT | L0°0 =+ €L IS+ 0Fg | 00¥% ‘mydms snd
003L “(*Od)’HE) [ElPIsWIIO) 9 9
98T°0 =+ 8LG°0 | 99G°0 =+ 08'0T | 0SC'0 == ¥6°0T | 09°0T | 90°0 = £'6 3983 F 366 | 0031 “(*Od)’HeD [BIoIAWIWIO) 9 4
SPB'0 F SEE'0 | LEE0 F BE'S | 08€°0 T 8L'8 | 6€'8 | 20°0 F 80T | 00°F £ 906 | 008 ‘mydins snid
003T “(*0d)'HED ‘do 9 4
862°0 & L98°0 | 6.%°0 = 9%'6 0L¥'0 7266 Ge'6 900 = 0°0T | €9°¢ &+ C'86 0031 “(*od)*msp 'do 9 €
2930 & 69T°0 | TO¥'0 = ¥¥%°L 688°0 = ¥S°L [ 39 LOT =+ 33T | LO'T & €68 008 ‘mydmg 9 14
¥$33°0 =+ €E¥°0 | 0L3°0 F 8%'L G930 + 9S°L as’L T€'0F G'IT | €9°€ &+ 8'98 00¥ ‘anydng 9 T
‘wb ‘wb 249D 49d °$q)
Lo0d SINVTId
8l 3N % g IHDIEM ININIVIYL TIOR a0 10T
NAAID TOVEIAY FIANAN

I HIdV.L

SINVId EOALLAT 404 NOLLVIIYY0D 40 SINAIOLIAFOD ANV SOILVYH L00¥-dOJ,



PLANT PHYSIOLOGY

68

0200 =+ 6.8°0

9¢ uv
6€3°0 & €930 | 991°0 F €0°3 e 08 160 F 9°9T | 9T'3  6°€¢ 008 “(*0d)'HED
snid 00¢. ‘103 snid 009 “(*ON)®D L L
9GST°0 = 139°0 | LL0°0 = C6'T Teg 90'T = T'ST | SL'T == 0°¢g | 008 “(*0d)*HeD suid 009 “(*ON)®D L 9
99T°0 & T6G°0 | 2200 = TL'T 1°9¢ GZ'0 F 3¢l | 63T F633 | 00¢ ‘103 snid 009 “(FOND®D L c
F13°0 F 8680 | €0T°0 F ¥9'T L3¢ €00 F €3I | 6T'T + $°03 009 “(*ON)®0 L 2
Ge3'0 & 9430 | B0T°0 = 8S'T 9'¢3 680 FT'6 | $8°0 F CFL 00¢ “(*ON)®D L 4
L0T°0 F T92°0 | €30°0 = ¢3'T €93 $L°0 F LTI | €80 F 9'FT 00T “(*ON)®D L 3
681°0 == I8%°0 | 630°0 = €6°0 eer 330 F 6L | LBOFFL b eClfe) i I
‘b ‘wh ‘wh 240D 4ad *$q)
LNVId ATOHM JOoYy d0J, SILNVId
4 3N ININLVEYL TI08 J0 10T
CTHDOIZM NITID TOVIIAY YIINAN

IT HT9dVL

SINVId IONALLIT Y04 NOILVIIYY0D J0 SLNAIDILIAOD ANV SOLLVE LO0Y-dOJ,



CRIST AND STOUT—HERBACEOUS PLANTS 69

Again, as in the preceding experiment, the number of plants per lot,
except lot 1, was small. Nevertheless, table IT shows that any nutrient
treatment increased the top-root ratio and the ratios show an unmistakable
tendency to be continuously higher as more complete fertilization of the
soil obtains. The average weight of plant increases along with the ratios
except in lots 3 and 7. In these cases the increased ratio does not indicate
an absolute weight of top greater than in the preceding lot but is brought
about by a reduction in the root which exceeds that in the top, thus leaving
the top actually smaller, but still relatively larger than the root.

Though but one of the coefficients of correlation (lot 2) is significant,
all are positive in sign; three of them (lots 2, 5, 6) being greater than
0.5. Here, as in the former experiment, these coefficients sustain no uniform
relation to either the top-root ratios or the average total weights of the
plants. When thrown together into one group, the 56 plants show strong
positive correlation, the coefficient being 0.879 == 0.020.

USE OF ACID AND NEUTRAL SOIL WITH APPLICATIONS OF HYDRATED LIME AND
SUPERPHOSPHATE.—Complete details of this experiment, which consisted pri-
marily in a study of the acid tolerance of lettuce, can be found in Michigan
State College Experiment Station Tech. Bull. 71. 1926, pages 14-18. The
plants were grown in flats. Two types of soil were used. One soil was a
mixture of two-thirds muck and one-third sand with a lime requirement of
20,000 pounds Ca(OH), (JoNEs method). The second soil was a neutral
fine sandy loam. The data, presented in table III, were taken when the
plants had reached vegetative maturity. The number of plants per lot was
larger than in either of the two former experiments.

The twenty-seven lots of plants listed in table III fall into five groups,
namely, lots 1 to 6 with increasing amounts of lime; lots 7 to 10 with in-
creasing applications of both lime and superphosphate; lots 12 to 17 with
superphosphate constant while the lime treatments increase in size; lots 19
to 22 on neutral loam soil with superphosphate constant and lime applica-
tions increasing in size; lots 23 to 27 on neutral loam soil with increasing
quantities of lime. Within any one of the five groups, the top-root ratios
are approximately equal for the several lots, while at the same time, the
average size of whole plants decreases with increased size of application
of the materials used for soil treatment, due to both top and root being
progressively smaller to about the same degree.

The effect of soil type is very pronounced. The top-root ratios on the
acid muck-and-sand mixture are conspicuously higher than on the neutral
sandy loam. This holds true where comparable treatments were used as
well as for the checks. Relative root development in the acid muck-and-
sand soil mixture was greatly reduced. This went to a very great extreme
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in lots 7 to 10 where the lime and the superphosphate were increased
together.

In regard to the twenty-seven coefficients of correlation three, none of
which is at all significant, are negative. Twenty-four of the coefficients,
ten of which are above 0.5 and significant, are positive. Variation in the
size of the coefficients is not consistent to any important extent with the soil
treatments or the changes in the size of the plants and the ratios produced
by these treatments. Correlation with all the plants taken in a single group
is positive and clearly significant (0.543 == 0.026).

INFLUENCE OF LENGTH OF DAY AS MODIFIED BY NUTRIENT TREAT-
MENT.—The plants were grown singly, to vegetative maturity, in six-inch
pots, the soil being a fine sand, low in fertility. Various nutrients were
applied in different ways. The extra illumination of the plants designated
as long-day plants was accomplished by means of 1000 watt Mazda lamps,
socketed in porcelain enameled steel dome reflectors suspended at a height
of 4.5 feet above the bench. Three of these bulbs, evenly spaced, were used
over a bench 21 feet long and 5 feet wide, the pots containing the plants
being distributed so as to give even illumination and also being systemati-
cally shifted about in their places once each week. The experiment was con-
ducted during the short cloudy days of the winter season. The day for
the long-day plants was lengthened 6 hours as an average. The plants of
the short-day lots were covered each day at 3:00 P. M. and left covered until
9 o’clock the following morning. The covers consisted of specially built
light-tight boxes each 10 feet long, 5 feet wide and 3 feet high, with light-
tight ventilators arranged in each end. See table IV for the results.

An examination of table IV makes it clear that the top-root ratios were
increased as the period of illumination was shortened. The differences for
lots 1, 6 and 7, lots 2 and 8, and lots 3 and 9 are large and certainly signifi-
cant. In the long-day group the nutrient treatments elevated the ratios
decidedly. The increases in the short-day group are only apparent.
Within groups, the increased ratios are associated with increased size of
plant and greater actual weight of top, though the three largest ratios (lots 7,
8, 9) obtain with plants among the smallest in size. While the nitrate treat-
ments of the short-day plants elevated the top-root ratios apparently,
large plants were not produced as with the long-day treatments. Though
raw materials from the soil have been sufficient, assimilable food prod-
ucts were not ample to give greater total growth more evenly distributed
between top and root.

All of the coefficients of correlation are positive, three of them (lots 1,
6 and 9) giving evidence of certainty. The coefficient (0.685 == 0.026) for
all the plants, thrown together, is such as to make positive correlation
certain.
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INFLUENCE OF LENGTH OF DAY IN CONJUNCTION WITH NUTRIENT TREAT-
MENTS (SECOND EXPERIMENT).—This experiment differed from the pre-
ceding one in that it was performed during the spring season (April 17 to
May 23), the former having been conducted in midwinter. The short-day
plants had a day of eight hours, the long-day plants 16 to 18 hours, while
the normal day was approximately 10 to 12 hours in length. Otherwise, the
two experiments were duplicated as to methods. The results are shown in
table V.

The data in table V confirm the main conclusion that was evident from
the results of the preceding experiment, namely, that the top-root ratio
was raised as the day was shortened, either with or without the nitrate
treatments:. In two of the three groups the nitrate of itself significantly
increased the ratio. Again, the highest ratios are for the short-day plants
and are associated with the smallest plants which, at the same time, have
the lowest actual weight of top, as well as root.

All of the coefficients of correlation are positive, three of them being
about 0.5 and no one of these three less than five times its probable error.
The coefficient for the 178 plants is positive, more than 0.5, and is 21 times
its probable error.

EXPERIMENTS WITH RADISH PLANTS (SCARLET GLOBE VARIETY )

USE OF NUTRIENT SUBSTANCES ON TWO SOILS OF DIFFERENT COMPOSI-
TION.—One of the two soils, the one designated as A in table VI was com-
posed of five parts fine sandy loam and one part medium coarse sand; the
other, B, of these types of soil, with the proportions reversed. These soils
were treated as shown in table VI, and used in six-inch pots in which the
plants were grown singly.

Table VI shows that the nutrient treatments increased the average size
of plant on each one of the two soils but the top-root ratio was not changed
significantly. With one exception (lot 6) the average plant was larger on
soil B than soil A, while at the same time the ratio of top to root is con-
sistently lower, though the differences are not strictly real except as be-
tween lots 1 and 2.

The ten coefficients of correlation are positive; seven of them being
above 0.5. Of these seven, three are fully significant. The coefficient
(0.694 = 0.031) for all the plants indicates certain positive correlation.

EFFECT OF LENGTH OF DAY AS MODIFIED BY NUTRIENT TREATMENTS

This experiment was made simultaneously with the one on lettuce, the
data for which are contained in table IV, using the same general methods
of procedure. The period of illumination for the long-day plants was six
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hours in excess of the normal day, while that for the short-day plants was
four to five hours less than normal. The soil was a medium coarse sand,
low in fertility. Table VII gives the results. _

With these plants (table VII), as with the lettuce plants (table IV), the
top-root ratio increased as the day was shortened, the difference between lot
1 and lot 6 being highly significant. The increases in the ratio are accom-
panied by decreases in plant size, development in lots 6, 7 and 8 being very
meager. Increases in the ratio due to nutrient treatments are only ap-
parent. As to size of plant, the nitrate was effective, more effective with
the long than short day.

Each of the eight coefficients of correlation is positive in character.
Among the three that exceed 0.5, lot 2 is significant. The coefficient for the
plants as a whole (0.824 = 0.018) is especially high and reliable.

EXPERIMENTS WITH TOMATO PLANTS

EFFECT OF SIZE OF CONTAINER ON TOP-ROOT RELATION.—Pure line seed
of the John Baer variety was sown on July 28. On August 14, the
seedlings were potted singly in three-inch pots and remained in these until
September 7. On the latter date, 51 of the plants were selected at random
and weights of their tops and roots secured. Forty-one plants were shifted
to five-inch pots, 41 to eight-inch pots, and 41 to 10-inch pots on Septem-
ber 9. The soil, a fine sandy loam, high in organic matter, was the same for
each of the four lots. No manuring of any kind was done. The experiment
was concluded on October 10, when the plants in the five-inch pots were
just beginning to show symptoms of deterioration because of becoming pot-
bound. The leaves and stem were weighed separately. See table VIII
for the results. .

The data in table VIII make it practically certain that the ratio of top
to root rose as larger pots were used. This holds true whether the caleula-
tions are based on whole top, on stem, or on leaves. The plants grew to
greater size in the larger containers, with both stem and leaves increasing
in weight and each of these making greater relative growth than the root.
The leaves constitute a greater percentage of the entire top than the stem,
and gain in this respect occurs while the stem loses as the pots are larger.
Furthermore, the gain in size relative to the roots is greater for the leaves
than it is for the stem. The ratio of top to root for lot 2 as compared with
lIot 1 is not significantly different, while with lots 3 and 4 the ratios are
clearly higher.

All of the coefficients of correlation are positive and all fully significant.
Six of the nine are above 0.5. Though the differences are not always equal
to three times their probable errors, the indication that the degree of corre-
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lation lessened as the containers were larger and that the correlation be-
tween root and stem was the most pronounced, is quite certain. This means
that the degree of correlation lessened as the plants became larger and the
ratios of aerial to underground parts increased. Correlation of top and root
for the entire number of plants (174) is nearly perfect, while tending to be
slightly less for stem and root, and for leaves and root.

INFLUENCE OF DEFLOWERING ON PRUNED AND UNPRUNED PLANTS.—In this
experiment, the plants were of the Grand Rapids Forcing variety and were
brought along to the stage for transplantation to pots in the same manner
as those of the preceding experiment. They were transplanted to six-inch
pots and grown therein on a fine sandy loam soil, well supplied with organic
matter, for a period of 33 days. One lot of 84 plants was kept trained to a
single stem, another lot of the same number allowed to go unpruned. Forty-
two plants of each of these two groups had the flowers of the clusters
(3 clusters mostly) removed as they opened. See table IX for the data.

Table IX shows some differences which appear consistent, though none
of them is great enough to be considered significant. The plants are larger
and the ratios higher for the unpruned plants than for the pruned and in
both of these two groups larger plants with higher ratios obtain for those
from which the flowers were not removed. Thus, higher ratios are appa-
rently associated with the heavier plants.

With the eighteen coefficients of correlation, thirteen are greater than
0.5, and no one of the eighteen is rendered unreliable by the size of its
probable error. Though the differences in the coefficients are consistent,
being higher for the unpruned than the pruned, and higher for the plants
from which the flowers were removed, they are too small, without exception,
to be significant.

EFrFECT OF BOTTOM HEAT ON PRUNED AND UNPRUNED PLANTS.—The work
here differed from that for which the results have been given in table IX
only in that bottom heat was supplied to the bench wherein the pots were
placed. This elevated the temperature of the plants as a whole but espe-
cially that of the soil and the roots it contained. The arrangement for
bottom heat was that of steam pipes swung under the bench at a distance
of about 18 inches from the bottom of the bench, and heavy burlap, reach-
ing to the floor, hung around the sides of the bench. Heat was kept on
during the nights, sufficiently to hold the temperature of the moist sand
about the pots at a point averaging about 15 degrees above that of an-
other bench not provided with bottom heat. The results are presented in
table X.

In table X, the top-root ratios are higher for the unpruned than the
pruned plants, though the differences are small and insignificant. Com-
paring the data with those from table IX for corresponding groups of plants
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(lots 2 and 4) it becomes apparent that the use of bottom heat greatly in-
creased the size of average plants. It also led to higher top-root ratios, the
difference for the pruned plants being significant.

Each of the nine coefficients of correlation is positive, above 0.5 and fully
reliable. None of the apparent differences between the coefficients that
are comparable are significant. Better correlation of aerial parts with root
obtained than in the preceding experiment, but the differences are only
apparent.

Discussion and conclusions

Under any given circumstances an herbaceous plant has a definite pos-
sibility as regards total growth and ultimate size. But, while the plant is a
unit, functioning and developing as an organic whole, there are distinctions
of degree as regards the top and root. Significant variations in the relative
distribution of growth between top and root occur naturally and may be
readily induced by experimentation. The two parts are dependent, and,
in general, they increase together, but not in a continuous and fixed pro-
portion, whatever the time in the life cycle and the environment may happen
to be. This is fully substantiated by comparisons of top-root ratios, even
when the data are subjected to the standard tests of statistical analysis and
the geometric type of average used in the process of interpretation. Prar-
SALL (4) points out that the value of k (ratio of average logarithmic growth
rates) in the equation S=cR¥ varies with conditions of growth, as well as
the type of plant. With etiolated seedlings of Pisum sativum, k was 2 to 3
times as great as when the plants were grown in the light. High nitrogen
also elevated the value of k.

Though the relative development of top and root varies widely in nature
and under experimental conditions, the two parts show a persistent inter-
dependence on the basis of their respective final masses. While this rela-
tionship is neither markedly close nor constant in degree, it is present, in
general, as a permanent characteristic. Top and root in higher plants,
except in a few forms like certain species of Tillandsia which are rootless,
other organs discharging the functions of roots, vary concomitantly. Gen-
erally speaking, correlation between top and root is positive, or in other
words, increased size of top is accompanied by inereased size of root or vice
versa. This principle is deducible from the correlation coefficients that have
been presented, though not as certainly from the top-root ratios. The ratios
are somewhat inadequate, based as they are on the absolute values of
weight. The coefficients of correlation which are derived through deviations
from the line of average relationship afford the necessary criteria.

An examination of the preceding tables shows littte or no tendency of
the size of the plant to be dependent upon or governed by the degree of
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correlation between root and top with respect to final mass. Correlation
is certainly positive in character, but it does not show itself to be stronger
as the plants average larger in total weight, nor less as they average smaller.
In fact, if there be any relationship at all of this kind, it tends to be nega-
tive rather than positive. More often, the higher coefficients of correlation
are associated with average plants that are relatively smaller. From this
it may be inferred that when conditions are such as to leave the growth of
the whole plant less restricted, correlation between top and root appears
to be lessened.

These facts help to explain the wide range of plant adaptation observed
in nature. In so far as survival, establishment and perpetuation hinge upon
changes in relative development of top and root to meet existing conditions,
the margin of possibility is quite great. Likewise, the position of the prac-
tical grower is rendered advantageous. He has considerable latitude by
way of opportunity to alter relative size of top and root in seeking to realize
his desires. An ‘‘ideal balance’’ from the gardener’s standpoint is one
which promotes the plant’s thrifty development, while at the same time its
growth respecting time, amount, type and place (localization in plant part)
is such as to suit his material purpose. When the fact of the plant’s
plasticity is known, it remains essential that the proper means for producing
desirable modifications be understood; and furthermore, that the limits of
variability, which if exceeded will endanger the plant as a whole, be re-
spected.

Summary

LerTucE EXPERIMENTS.—1. The top-root ratio varied with experimental
conditions between the extremes of 0.79 (table IV, lot 1) and 12.96 (table
IIT, 1ot 7).

2. Under the following circumstances the top-root ratio was increased :
Application of superphosphate either alone or with raw sulphur on a fertile
fine sandy loam soil (table I); progressive improvement of fertility in a
very poor medium sandy loam soil (table II); with an acid muck-and-sand
soil mixture as compared with a fertile fine sandy loam, neutral in reaction
(table IIT) ; the addition of both lime and superphosphate to an acid muck-
and-sand soil mixture (table IIT); shortened period of daylight illumina-
tion in eomparison with either normal or artificially lengthened day (tables
IV and V) ; use of sodium nitrate alone and with superphosphate in con-
junction with either long or short-day light treatment (tables IV and V).

3. The top-root ratio was lowered by long-day illumination (tables IV
and V).

4. The coefficients of correlation for the separate lots of plants vary
widely and show no definite relation, respecting their magnitude, to average
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sizes of whole plants, but on the whole are decidedly positive in character.
The coefficient of correlation for all lettuce plants taken together as a single
group (975 individuals) is 0.521 = 0.018.

RapisH EXPERIMENTS.—5. The top-root ratio was higher for plants grown
on a soil composed of 5 parts fine sandy loam and 1 part medium coarse sand
than for those on soil of same components but with the proportion reversed
(table VI).

6. As with lettuce, the top-root ratio was higher for short-day plants and
lower for long-day plantsIn comparison with normal-day plants (table VII).

7. Correlation between top and root was variable in degree but clearly
positive in character. The coefficient for all radish plants grouped together
(277 individuals) is 0.728 = 0.019.

TomaTo EXPERIMENTS.—8. The ratios, whether based on the mass rela-
tion of whole top, leaves only, or stem only to the root, increased as the size
of the container used was greater (table VIII).

9. Higher ratios obtained consistently (though the differences are not
mathematically certain) for unpruned plants, for non-deflorated plants
both pruned and unpruned, and for plants provided with bottom heat
(tables IX, X).

‘While none of the differences between the coefficients of correlation for the
several experimental lots is great enough to be mathematically significant,
it is noteworthy that the coefficients are apparently higher for unpruned
than pruned plants, for plants from which flowers were removed than those
not treated so, for plants grown in larger containers, and also higher as
between root and stem than between root and either whole top or only the
leaves. The coefficients are more consistent than for either the lettuce or
radish plants and the positive nature of correlation even more evident.
The coefficient of correlation with all tomato plants thrown into one
group is for whole top and root (440 individuals) 0.885 == 0.007; stem and
root (389 individuals) 0.792 = 0.013; leaves and root (389 individuals)
0.836 = 0.010.

GeENERAL—The concrete results that have been presented are not alto-
gether new and different. In the main, they confirm other investigations in
showing the great variability possible in the mass relation of top to root,
and give credence to the idea of an ‘‘ideal balance’’ obtainable, within
limits, by nature in the process of natural plant adaptation and by plant
growers to suit their needs and purposes. It is thought, however, that im-
proved methods for the analysis of data of this type, especially use of the
geometric mean and the coefficient of correlation, have been employed, and
furthermore, that the fact of persistent positive correlation in size of top
and root, regardless of the wide variation shown under special conditions,
has been demonstrated.

MICHIGAN STATE COLLEGE,
EAsT LANSING, MICHIGAN.
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